and associated with the phenotype of the carriers. In the analyzed cases not showing genomic imbalances by AGH, next-generation sequencing (NGS), using whole genome libraries, prepared following the Illumina TruSeq DNA PCRFree protocol (Illumina ® ) and then sequenced on an Illumina
Most of the BCR carriers do not present with an abnormal phenotype, although it may be present in approximately 6% of balanced translocations and 9.4% of balanced inversions [Warburton, 1991] . On the other hand, unbalanced chromosomal rearrangements are known to be the cause of syndromes, multiple congenital anomalies, and/or intellectual disability [Shinawi and Cheung, 2008] .
Microarray based studies reported copy number variations (microdeletions or microduplications) at the breakpoint(s) of BCR and at other genomic regions far from the breakpoints [Gribble et al., 2005; De Gregori et al., 2007; Baptista et al., 2008; Schluth-Bolard et al., 2009; Fonseca et al., 2013] . These alterations elucidated the abnormal phenotype in 30-50% of the carriers.
Next-generation sequencing (NGS) technology has also been applied to delineate BCR breakpoints, which allowed the observation of other mechanisms such as gene disruption, base pair insertions or deletions [Chen et al., 2008 [Chen et al., , 2010 Slade et al., 2010; Feldman et al., 2011; Sobreira et al., 2011; Talkowski et al., 2011] . As a result, gene expression may be disturbed either by gene inactivation [Kalscheuer et al., 2003; Schluth-Bolard et al., 2013] or a position effect such as dissociating genes from their regulatory elements [Fantes et al., 1995; Krebs et al., 1997; van Heyningen, 1998, 2005] .
In order to investigate genomic imbalances associated with abnormal phenotypes, high-resolution molecular technologies were applied to study a group of individuals with different types of BCR.
Patients
Fifteen individuals with abnormal phenotypes and BCR were selected for further investigation by molecular techniques. The chromosomal rearrangements comprised 11 reciprocal translocations, 3 inversions, and 1 balanced insertion ( Table 1 ) . The phenotypes were variable and characterized mainly by intellectual disabilities, facial dysmorphisms, developmental delay, and fertility problems.
Methods
The molecular analysis included array genomic hybridization (AGH) and NGS. The AGH technique was performed using Affymetrix Genome-Wide Human SNP Array 6.0 and CytoScan 750K Array (Affymetrix, Santa Clara, CA, USA), according to the manufacturer's instructions. Data analysis was performed by Genotyping Console v. 3.0.2 (HMM) and Chromosome Analysis Suite (ChAS) software, respectively. The analysis pattern consisted of a minimum of 25 markers for deletion and 50 markers for duplications. Breakpoints of rearrangements were carefully verified to detect genomic imbalances. The bioinformatics analysis of sequencing data was based on alignments with the human genome reference sequence hg19/GRCh37. NGS analysis focused on chromosomes involved in the rearrangement. From the alignment, a list of reads (QC>60) not mapped with a nominal distance and orientation from each other was retained: pairs of reads with abnormal orientation for inversions and pairs of reads mapped on different chromosomes for translocations. Only abnormalities supported by at least 4 independent pairs of reads were checked using the Integrative Genomics Viewer (IGV) software. All samples were also analyzed by Delly software [Rausch et al., 2012] . Primer pairs were selected on each side of the breakpoint region delimited by NGS (sequence available on request) for validation by Sanger sequencing. Junction fragments were amplified using the Titanium ® Taq DNA Polymerase (Clontech ® ) following protocols previously established in our laboratory. DNA from an individual without chromosomal rearrangement (normal karyotype) was used as a negative control at amplification reaction. PCR products were verified on 2% agarose gel and were sequenced by the Sanger method. Sequences of junction fragments were aligned to the human genome reference sequence hg19/GRCh37 using BLAT from the UCSC Genome Browser. The UCSC browser also indicates the presence/absence of repetitive elements at the breakpoints [Deininger and Batzer, 1999; Kolomietz et al., 2002] . FISH using BAC clones was also used for validation.
Results
The first AGH screening detected genomic imbalances in 20% of the cases (3 individuals), 1 at the rearrangement breakpoint, and 2 further breakpoints in other chromosomes. In patient 2, with a 46,XY,t(3; 7)(q12;p15)t(15; 18) (q26;q21) karyotype, AGH analysis showed no evidence of a large-scale loss of genetic material in the 7p15, 15q26, and 18q21 regions. However, a deletion of approximately 5.9 Mb was identified in chromosome 3 involving the 3q11.2q12.1 region (breakpoints: 95,002,156-100,962,239 bp, NCBI Build 36.1/hg18) and a deletion of approximately 7.9 Mb on chromosome 21 involving the 21q11.2q21.1 region (breakpoints: 13,488,061-21,440,115 bp, NCBI Build 36.1/hg18) were detected.
The karyotype of patient 3 was 46,XY,t(1; 4)(q31;q35), but no alterations were identified by AGH at the breakpoints of rearrangement, although a deletion of 8 Mb at the 2q32q33.1 region (194, 295, 714 ,175 bp, NCBI Build 36.1/hg18; Fig. 1 ) was observed. This altera- ( Fig. 2 ) .
NGS was viable for further chromosome breakpoint investigations in only 8 cases. Patient 2 and 3 were excluded from this analysis because the AGH technique detected a genomic imbalance with potential pathogenic relevance. The sizes and concentrations of all libraries en- abled sequencing by paired-end module, 2 × 150 bp. The total income of the reads was approximately 90 Gb, and the Q30 quality index was above 85%, satisfactory for the type of flow-cell. After alignment and mapping, analysis of NGS results suggested breakpoints in 7 cases that were similar or near to those estimated by karyotyping. Also, genes and repetitive elements overlapping some breakpoint regions were observed ( Table 2 ) . We were unable to find reads spanning breakpoints at 8; 13, the junction of patient 9, probably because of a low coverage of these regions due to repetitive elements.
In patient 4, it was not possible to detect reads mapping to chromosome 6 and the corresponding pair mapping to chromosome 13. The short arm of chromosome 13 is heterochromatic and contains various families of repeated DNAs that are very difficult to sequence, as in that of the other acrocentric autosomes 14, 15, 21, and 22. However, at 6p21.2 (38, 257, 882 hg19) there are 4 reads that the corresponding read pair does not map elsewhere in the genome. It can be suggested that the read pair maps to the centromeric region of chromosome 13 as this region was indicated by karyotyping, and NGS cannot analyze a heterochromatic region. The breakpoint at 6p21.2 was confirmed by FISH ( Fig. 3 ) .
Amplification of junction fragments by PCR and further Sanger sequencing was successful only for BCR of patients 7 and 8. The exact breakpoint positions for patient 7 were finally mapped at chr4: 134,843,944 and chr3: 30,234,445, and for patient 8 at chr5: 55,777,306 and chr7: 32,849,462. Different methods (FISH and Southern blotting) were proposed to further examine the others cases, but no more samples were available.
Discussion
Compared to multifactorial diseases, a genotype-phenotype correlation is easier to interpret for monogenic conditions. Using cytogenetic techniques, unbalanced chromosome rearrangements usually explain an abnormal phenotype. However, balanced rearrangements are a challenge since there are no detectable chromosome gains or losses visible in the karyotype [Pujol et al., 2006] .
A closer look with array techniques allows the elucidation of copy number changes in about 30-50% of the BCR cases [Gribble et al., 2005; De Gregori et al., 2007; Schluth-Bolard et al., 2009 ]. In our sample, 20% of the patients presented with copy number changes in addition to BCR. Patient 2 is an example of the complex genomic architecture because of the rare presence of 2 reciprocal translocations and 2 partial monosomies. It is rare to find more than 1 single translocation in a person and extremely rare to find more than 2 [Prieto et al., 1978] . This case was previously reported [Simioni et al., 2015] .
Patient 3 illustrates the higher probability of BCR carriers having alterations in another region of the genome [Gribble et al., 2005; Higgins et al., 2008] . Beyond the translocation between chromosomes 1 and 4, a deletion of 8 Mb at 2q32.3q33.1 was observed by AGH. Deletions at 2q32.3q33.1 have been reported in patients with a cleft lip and/or palate, Pierre Robin sequence, facial dysmorphisms, ectodermal dysplasia, neurodevelopmental disorder, and mental retardation [Brewer et al., 1999; Houdayer et al., 2001; Loscalzo et al., 2004; Van Buggenhout et al., 2005; Urquhart et al., 2009; Rifai et al., 2010; Balasubramanian, 2011] . There are 35 genes in this region and, among those, the SATB2 (SATB homeobox 2) gene is extremely important. This gene encodes a DNA-binding protein that regulates gene expression through chromatin modification and interaction with other proteins and plays a role in mammalian development [Britanova et al., 2005; Alcamo et al., 2008] . Defects in this gene are associated with an isolated cleft palate, and it is a candidate gene for mental retardation because of its expression [Rosenfeld et al., 2009; Balasubramanian et al., 2011] . Despite of the translocation, deletion size, and features related to this chromosomal region, our patient only had neurological abnormalities.
NGS proved to be an efficient method for breakpoint mapping with a high resolution [Chen et al., 2008 [Chen et al., , 2010 Talkowski et al., 2011] . However, it does not always permit a phenotype correlation in BCR carriers because the breakpoints do not disrupt genes as in patient 7. Breakpoint gene-free areas are likely to be coincidental for the patient's phenotype, or possible to exert a long range position effect [Kleinjan and van Heyningen, 1998 ]. Breakpoints of patients 1, 6, and 8 disrupted genes are as follows: RABGAP1 (RAB GTPase activating protein 1) is involved in intracellular transport and cellular cycle [Caratù et al., 2007] , SLC7A11 (solute carrier family 7) is involved in amino acid transport, and AVL9 (AVL9 homolog -S. cerevisiae) functions at the Golgi complex.
Two genes were disrupted in patient 5: the 7p14.1 region allocates INHBA (inhibin, beta A) with negative cell regulation and the 7q32 region allocates TNPO3 (transportin 3) in which mutations have been reported to cause limb-girdle muscular dystrophy [Melià et al., 2013; Torella et al., 2013] . Generally, muscle weakness affects the pelvis and shoulders with wide intra-and interfamilial variation on progression and severity. The age of onset is also quite variable being between 1-58 years. At present, patient 5 is 23 years old and does not show signs of muscular dystrophy. The breakpoint at the 9q34.3 region disrupted the EHMT1 (euchromatic histone-lysine N-methyltransferase 1) gene in patient 10. The haploinsufficiency of this gene, which encodes chromatin histone methyltransferase-1, has been associated with Kleefstra syndrome [Kleefstra et al., 2005 [Kleefstra et al., , 2006 [Kleefstra et al., , 2009 . Features of this syndrome were observed in patient 10 and further studies will be done to improve the genotype-phenotype correlation.
Patient 4 presented with azoospermia and a duplication at Yq11.223 involving part of the AZFb and AZFc regions and 12 genes, including RBMY1 , PRY2 , and PRY1 . There are reports of Yq duplications and azoospermia but also reports of the duplications in fertile men [Giachini et al., 2008; Kuan et al., 2013] . Considering the Yq11.223 duplication was inherited from a normal father, it is not possible to determine the pathogenesis of this duplication and the azoospermic phenotype. Also, NGS detected that the breakpoint at 6p21.2 disrupted the BTBD9 (BTB-domain-containing 9) gene. Polymorphisms in this gene have been reported to be associated with susceptibility to restless legs and Tourette syndromes (OMIM 137580, 611185) . Both are neurodevelopmental disorders and azoospermia is not a clinical feature. It could be suggested that meiotic impairment may be the cause of azoospermia in this patient.
This study focused on the investigation of breakpoints in BCR carriers with abnormal phenotypes and was conclusive in 9 cases. Overall, AGH was effective for diagnosis and seems to be an excellent method in breakpoint mapping. In the literature, there are few studies applying NGS to analyze BCR breakpoints. Different methods such as whole genome sequencing, chromosome microdissection together with paired-sequencing and targeted capture [Chen et al., 2008 [Chen et al., , 2010 Sobreira et al., 2011; Talkowski et al., 2011] have been executed with successful results about BCR breakpoints such as the cases described here. There were technical difficulties to confirm NGS results by Sanger sequencing, probably related to DNA repeat sequences, but different methods could not be performed. In addition, the phenotype of the individuals could not be attributed to the breakpoint exclusively. Even though this article could establish phenotype-genotype correlation in 6 cases, similar studies and follow-up of carriers would improve the knowledge about BCR and its consequences.
